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ON THE TEMPERATURE OF  THE SUN.* 
By HuGo BILGRA~. 
Several years ago an article came to my notice stating the estimates 
of the temperature of the sun, by different authors. These figures 
varied between about 4,000 and 4,000,000 degrees, Centigrade. I t  is 
not difficult to conclude that such a difference cannot be attributed to 
errors of observation, and that some of the theories on which those 
estimates were based must have been erroneous. 
Having some inclination for such studies I tried to find a method 
myself for making an estinlate , and during these studies a series of 
very interesting points suggested themselves to my mind that were 
new to me, and may be so in part to others. The following is a brief 
statement of these studies, and of the results arrived at. 
We receive heat from the sun by radiation exclusively, and the laws 
of radiant heat were the only resort for the intended investigations. 
I t  is well known that if an object of one temperature is surrounded 
by walls of another temperature, an exchange of heat will take place 
by radiation, until the temperatures of both the inclosed object and the 
* The above paper was read at tile stated meeting of the Institute, held 
May 17, 1876. As it anticipates ome conclusions reached in recent inves- 
tigations, it has been thought desirable to publisl~ it.--I-t. B. 
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surrounding walls are equalized. [Theoretically the temperatures will 
never be equalized, just as the branch of a hyperbola never meets its 
asymptote, but after a longer or shorter time the difference will become 
practically impereeptible.] 
The following ideal experiments are supposed to be made in a 
vacuum to exclude the effect of conduction and convection of heat. 
I f  a globular body (see Fig. 1) is inclosed centrally by two hemi- 
spherical walls of different, but permanent temperatures, a continual 
exchange of heat will take place. It will receive heat from the 
warmer side, and give off heat to the colder side. Supposing the cen- 
tral body be a perfect conductor of heat, its ultimate temperature will 
depend on two conditions ; on the telnperature of each of the hemi- 
spheres, and on the condition of their radiating surfaces. 
& 
In text-books the radiation of heat is stated to be in direct pro- 
portion to the temperature and to a coefficient expressing the radiating 
quality of the surface. 
I f  the radiating quality is equal for both hemispheres the central 
body will accordingly assume a temperature which is the arithmetical 
mean of those of the two hemispheres. When, however, the radiating 
surfaces are different, the temperature of the central body will incline 
towards that of the better adiator. 
This law can be generalized. I f  different portions of the surround- 
ing sphere are of different emperatures and of different radiating 
qualities, the ultimate temperature of the central body may be 
expressed by the formula 
Xt .a .c  
Xa .c  
t b?ing the temperatures, a the areas and c the coefficients of radiation 
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of  the different portions of the spheres, and if the radiating condition 
~of the whole surl~ace is uniform, and besides if the entire surface is 
taken as a unit, the formula is reduced to T-~-- Xt .  a. 
Now suppose we remove a small portion of the surrounding sphere, 
:say 1 and substitute another piece, the temperature of which is 100 ° T~F, 
higher, the effect upon the central object will be to raise its tempera- 
ture ~I~-I of 100°-----1 °, or in general, T'~---'T+av. [ l J  
On this proposition I based my experiment, assuming the firmament 
to be the surrounding sphere, and the sun the heated portion thereof; 
.but instead of using a globular central body, I used a flat piece of 
blackened sheet brass, under which I placed a thermometer, guarding 
the whole combination on the lower side as well as I could from loss 
.of heat by conduction. I thereby gained two decided advantages. 
The whole receiving surthce being exposed to the same conditions, 11o 
:internal exchange of heat was occasioned after the terminal condition of 
heat was established, and further, the radiating surface being reduced 
to one-fourth, for the same bundle of solar rays received, the heating 
.effect was increased, and the error of observation accordingly reduced. 
The described instrument was exposed to the sun on the roof of a 
house, and after the thermometer came to a rest it indicated 50 ° C. 
Then the sun was screened off by a screen just sufficiently large to shade 
the whole instrument, and the thermometer came down to 28 °. Seve- 
:ral repetitions of the experiment yielded similar results, the difference 
.always being about 22o. * 
The diameter of the sun being about 0 ° 32', the area covered by 
ihim is 1826~--0- of the entire firmament, but the effect of the sun hav- 
ing been quadrupled, ue to the shape of the instrmnenV, the propor- 
1 tion to be considered is 46163-~ The temperature of the sun is there- 
fore 46162 X 22 = 1"015"586 °, provided our premises are correct, and 
also provided the 'radiating quality of the sun is equal to that of the 
rest of the fi~mament. The ray-absorbing quality of any surface being 
equivalent to the radiating quality ; and the universe being a perfect 
absorber of rays, and the atmosphere a poor reflector, the spheresur- 
rounding our experiment can be regarded as a very good radiator, and 
In a subsequent discussion, upon the statement ofProfessor Snyder that 
this difference was found --~29 ° by other observers, i admitted that the 
result of my observation may have been impaired by moisture in the atmo- 
sphere, on the day of the experiment. 
t Professor Snyder doubted the propriety of this conclusion in the subse- 
(luent discussion. 
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unless the sml's surface is an equally good radiator, the above estimate 
is too small. Moreover, the absorption of part of the solar rays by 
the atmosphere, will doubtless affect his result somewhat~ but to avoid 
complications this factor will here be foul ly disregarded.* 
This estimate ranges among the highest of the estimates mentioned 
at the beginning, and since the lower estimates cannot be entirely dis- 
countenanced, I endeavored to find where £ might have drawn an, 
erroneous conclusion. There is only one proposition to which an error 
might be attributed, namely the assumed law that the radiation is in 
direct proportion to the temperature. I t  might be suggested that the 
radiation increases as the square of the temperature. At the first 
glance this supposition seems to be unwarranted, as apparently con- 
flicting with former observations, but a closer investigation will dis- 
perse this objection. Assuming for a unit of radiation, the heat 
radiated from a perfect radiator Of 1 ° absolute temperature, the radla- 
tion fi'om the same surface when heated to the freezing point of water 
would be 273 ~, and when heated 1 ° higher (273 + 1) ~. The difference 
547 is an equivalent of the heat exchanged between two surfaces o f  
those temperatures. The exchange of heat between two surfaces of 0 ° 
and 10 ° (273 ° and 283 ° absolute) is 5560, which i s very little more 
than ten times the former result. We see, therefore, the radiation is 
still approximately in proportion to the difference of temperature. For  
higher temperatures, however, the radiation would increase consider- 
ably, for instance, the exchange of heat between surihces of 99 ° and 
100 ° respectively, would be 3732-  3722 ~ 745. 
I thereupon searched in the libra W to find if  former observations: 
indicated such an increase, and in one text-book I found the statemen~ 
that the radiation is approximately in proportion to the difference of ~ 
temperature aslong as this difference remains within certain limits, but 
that for greater differences the radiation increases more rapidly. Con- 
sidering that most of the experiments were made with low femperatures 
and that the difi~rence was increased bY raising that of the radiating 
object, this statement seems to confirm nay Supposition. 
There are, however, still other fitcts indLcating that the radiation, 
increases with a higher power of~ the temperature. The radiant heat: 
It was not so mueh my object o arr~:e at a very elose figure as to get. a 
general insight. The following considerations will show that other ques- 
tions will have to be answered first before we can even hope to arrive at a, 
satisfactory esult. 
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emanating from the sun is of a most complicated character, it being 
composed of innumerable series of rays of different order that can be 
dissolved by means of a prism, and can be projected upon a screen, 
where they form the spectrum, the luminous rays, of course, being 
regarded as heat rays capable of affecting the retina of the human eye. 
neat, radiated from any object heated to incandescence, shows the 
:same characteristic. When we watch the f~ormation of the spectrum 
while the illuminating object is being heated, we first notice the appear- 
ance of' the red rays, which then are very faint. As the heating is 
continued, the orange, then the yellow, the green, and finally, also, the 
blue and violet portion of the spectrum is developed, while at the same 
time the red portion is growing nmre intense. We may infer from 
this observation that the various orders of rays are due to various tem- 
peratures, and besides, that as the heating is continued, not only new 
series of" rays are added, but the rays due to lower temperatures are 
intensified. 
i t" 
0 .g T \ 
There is no reason why this inference should not also be extended 
to the non-luminous rays, or rays due to lower temperatures, and hence, 
:a compound ray emitted from an object of the temperature T can be 
represented by the triangle 0 I T (Fig. 2) where the ordinate 0 T 
measures the order, and the abscissa 0 1 the intensity of the component 
ray. In this diagram it is assumed that the intensity of any of the 
component rays due to the temperature t is i = (T - - t ) .  c. The 
.:caloric value or heating quality of any of the component rays is equal 
to the product of the intensity into the appertaining temperature, and 
is therefore h = ~ (T - -  t) . c, which is the equation of a parabola. 
Consequently, if we lay out another diagram showing the caloric value 
of the different component rays, its form will be as shown in Fig. 3, 
.... and we are, thus led to the conclusion that different portions of the 
,:spectrum ought to show different heating qualities. This supposition 
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is tully confirmed by former observations, for this diagram reminds us: 
decidedly of the caloric curve representing the heat developed in dif- 
ferent parts of the spectrum. 
This is, I believe, the first attempt of explaining the caloric curve 
of the spectrum on a purely logical basis, and this interesting develop- 
ment considerably encouraged me to proceed. 
The next thing was to determine the total calorie value of' the coro- 
T 
pound ray, which is H=J ' t (T - - t )c .dt~c- -T  ~ and a~ording to this 
6 
O 
formula the radiation increases even as rapidly as the cuhe of the tern- 
3 
perature. The fornmla [-1] will accordingly be changed to T ~ ~ T3+ 
ar 3 and by substituting the values found by the experiment we find 
rm-6670, to which ,ye have to add the initial temperature of the  
experiment (301 ° absolute), to obtain the solar temperature = 6971 ° 
absolute. 
Judging i~om the vast difference xisting between this and the first 
estimate, the exact law of radiation has a great deal to do with the 
answering of the considered question, and the above theory should be 
tested before it can be accepted. Before all things the identity of the  
curve of Fig. 3, and the caloric curve of the spectrum should be 
demonstrated. Let us compare their maxima for this purpose. The 
maximum of the curve of Fig. 3 is evidently at ½ T= 3485 °, and 
hence that of the caloric curve should be at a point of the spectrum 
corresponding to this temperature. But inasmuch as a heated object 
begins to emit red rays at about 900 ° abs. we may etmclude that the  
ultra red rays in which the maximum of the caloric curve is located~ are 
due to even less than 900 °. The difference of these two figures does 
not speak very favorably for the foregoing speculation. I t  is true, the  
prism disperses the rays in an unequal proportion, spreading the rays 
of higher order more than those of lower orders. This would distort 
the caloric curve , and shift its luaxinmm into the ttltra red portion,~ 
while it may be located in the red rays; but this can hardly account 
for the above difference. 
I t  will be remembered that in the foregoing calculation I assumed 
Lhat the intensity of the individual rays was increasing in the same 
proportion as the temperature rises, and suspecting an error in this:. 
assumption, I tried other relations. By assaming i~---~T--t)=c I
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obtained the curve of intensity as shown in Fig. 4, and that of calorie 
energy, ~s shown in Fig. 5. The formula, [1,] changes to T r4 = T 4 -k 
ar ~, and by substituting the values found by the experiment rw i t l  
be found ~-- 3335, and the st21ar temperature ~ 3635, and the maxi- 
~T 
mmn of the curve of Fig. 5 . . . .  1212 °. Now it will be seen that 
3 
Fig. 5 bears more resemblance to the ca one curve than Fig. 3, and 
the difference of its maximum and the figure supposed to represent 
the m~.ximum of the caloric curve may be accounted for by distortion ; 
at any rate these results are more satisfactory than those of my former 
calculation. I t  may however be, that the law of radiation is  more 
complicated, and these theories are yet in the form of Crude sug- 
gestions. 
\ I  
0 t. T 0 g ;; 
My endeavors were next directed to finding a~lditional means for 
corroborating the supposition that  the radiation increases a£ a higher 
rate than the temperature. 
Turning our attention to our first ideal experiment, it is evident hat 
the object inclosed by two hemispheres of different temperatures should 
not assume a temperature equal to the arithmetical mean, as first sup- 
posed, but should rise to a higher point. I f  one of these hemi~spheres 
is at the freezing point, and the other at the boiling point of water, 
the calculated temperatures are 53"8 ° , 57"6 ° , and 61"1 ° , respectively, 
as we assume the radiation to be increasing as the square, cube, or 
the fourth power of the temperature. 
I made preparations.~br a practicM test, but not having at my com- 
mand the means for producing a vacuum, I had to content myself' 
without. I was well aware, though, ~hat owing to the presence of air 
an exchange of heat by convection was inevitable, and the result of 
the experiment was accordingly impaired. However, as it can be 
safely assmned that the eflhet of convection tends to maintain the 
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arithmetical mean, a rising of the temperature of the inclosed object 
above this mean would indicate the tendency of the radiation. The 
experiment answered the question affirmatively, the thermometer rising 
to nearly 54 ° . Had the air been excluded the thermometer would 
presumably have risen to a higher poi*nt. Indeed, a series of such 
experiments made with different temperatures, in a vacuum, might dis- 
close the exact law, however complicated that law may be. 
In reviewing the preceeding, it appears rather curious that the esti- 
mates based on one single experiment range nearly from tile highest o 
the lowest of the estimates alluded to at the beginning. Of all these 
figures the last one seems to be the most reasonable, for there exists a 
striking similarity between the solar light and that of the oxy-hydrogen 
flame or the electric light, and the temperatures of these latter lights 
are usually estimated at 3000 ° or thereabouts. Indeed, the lowest of 
the first mentioned estimates were based on a comparison of the solar 
heat with the heat emanating from a lime light, and the higher esti- 
mates having probably been based on a misconception of the law of 
radiant heat, the proposed theory may be the means of reconciling the 
conflicting estimates. 
In summing up it will be seen that in support of my theory can be 
offered : 
1. The result of the last mentioned experiment. 
2. The ready explanation of the caloric curve of the spectrum. 
3. The prospect 6f bringing to unison the conflicting estimates of 
the solar temperature. 
My attention was not only directed to the temperature of the sun, 
but also to its relation to that of our earth, and I shall select he last 
law and estimate as a basis for the figures used to exemplify the con- 
c]usious bearing on this subject. 
I f  the globe of a thermometer was suspended in space at a distance 
from the sun equal to that of our earth, its temperature would become 
/ Ir~ 
- -  175 ° abs. ~-----98°; the heat it would receive from t~-~-~ 184650 
the more distant stars being disregarded. In exposing a fiat plate of 
non-conducting material at right angles to the sun, the side facing the 
sun would attain a temperature t = ~ 46162 - -  228 abs. = --25 °. 
The surface of the moon is exposed to similar conditions and will 
i~lay, 18sa.] On the Temperature ofthe Sun. 329 
:accordingly, during the long lunar day, be heated to a point never ex- 
ceeding --25 °, while the average temperature of the moon would be 
--98 °. But how does this speculation agree with the temperature of 
.our earth? Indeed, the old question as to the cause of the cold on high 
mountains is now reversed. We have to inquire why it is so warm 
there, and why it is still warmer in the lower regions. The interior 
heat of the earth cannot account for this great difference. An answer 
to this question is, however, not very remote. In exposing a thermom- 
eter to the clear nocturnal sky, we find that notwithstanding the greatest 
care in guarding it from receiving heat by any ways other than radia- 
tion, the temperature of the air has a decided influence upon that indi- 
cated by the thermometer. The air must therefore be capable of 
radiating heat and cannot be transparent for rays of the same character, 
although it is transparent, almost to perfection, for rays of higher 
order, for luminous rays. Only a portion of the solar rays penetrate he 
atmosphere andstrike the earth, which partly reflects, partly absorbs 
them and return the heat appropriated by absorption in form of rays 
"of lower order. 
To these rays the atmosphere is opaque; they are accordingly 
absorbed, and retained near the surface of the earth. The action of 
the atmosphere ean thus be compared with the action of valves, admit- 
.ring heat freely, but preventing its escape. 
The effect would be a continual increase of heat near the surface of 
the earth, which, however, is balanced by convection of heat to the out- 
skirts of the atmosphere, from whence it is radiated and lost into the 
universe. But convection being comparatively slow, a surplus of heat 
will prevail in the lower regions. 
I concluded that if this theory be correct, a piece of blackened metal 
exposed to the sun, would ultimately be heated to a higher degree 
when covered by a flat piece of glass than when uncovered ; for the 
glass would act in the same manner as the atmosphere. In order to 
test this, it was my intention to procure ~ suitable piece of glass from 
an optician, but upon stating the purpose for which I wished to use it, 
I was informed that the fact was observed before, and then I thought 
it unnecessary to repeat he experiment. 
In a recently invented solar boiler (Mouchot's), advantage is taken 
of this fact. The boiler UlSOn which the solar rays are concentrated by 
a reflector, is enveloped by a glass bell. The rays of higher order of 
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the sun are readily transmitted, but those of lower order returned by 
the boiler, are arrested and thus retained inside of the bell. 
Returning to the subject, it appears now that the thickness and con- 
dition of the atmosphere govern in a great measure the temperature of
the earth, a!ld a number of inferences can be based on that theory. 
Carbonic acid being a better absorber of heat, by many times, tharr 
either oxygen or nitrogen, the small percentage of this gas in the 
atmosphere may have a great deal to do with our temperature. At a 
past period the percentage of this gas may have been less than at 
present. This might explain the glacial period. Before the immense 
fields of coal were deposited under ground, the air must have bee~ 
richer in carbonic acid, and hence a better protector of" heat. This 
may account for the lnxury and abundance of vegetable growth of 
that period. 
• Thus my studies were carried ~arther than I originally intended, but 
it is ahnost impossible to investigate any subject without being led on 
other topics. The laws of nature are so closely related to each other~ 
that no line of division can be drawn, and one discovery suggests 
another. 
A STANDARD GAUGE SYSTEM.* 
By GEORGE M. BO57D, Hartford, Conn. 
In a paper presented at the May meeting of the Society ]ast year, 
a statement, or "report of progress" was submitted, showing the 
method adopted by the Pratt & Whitney Company, of Hartford, 
Conn°, by which the question of practically establishing a standard 
for size gauges was to be scientifically determined, accurately subdi- 
viding the Imperial yard into feet and inches and fractional parts 
of an inch, and describing briefly the extent o which was carried the" 
scientific research found absolutely necessar:~ for such an undertaking ; 
it remains now to present o the consideration of those who may be 
interested, a statement of the results proceeding from the practical 
application of all the thorough, conscientious investigation of Professor 
Rogers, of Harvard College Observatory, whose invaluable xperience 
and professional services, in obtaining for the company the transfer and 
subsequent subdivision of the British yard, gave the ~bundation for 
~From advance sheets of the transactions of'the American Society of 
Mechanical Engineers. 
